Two hundred eight 20-wk-old Hy-Line W36 hens at a 5% production rate were assigned to 2 dietary treatments varying in CP content. Each treatment consisted of 13 replicates of 8 hens. Dietary CP levels of the control diet were 17.8, 19.9, 18.5, and 15.5% during the periods of 1) a 5 to 50% production rate, 2) a 50% production rate until mo 7, 3) mo 8 to 10 of the production cycle, and 4) mo 10 to 12 of the production cycle, respectively. The respective CP levels of the reduced-CP diet fed during these phases were 16.3, 18.4, 17.0, and 13.9%. The reduced-CP diets had dietary CP levels approximately 1.5 percentage units lower than their control counterparts. Dietary treatments met the minimal requirements for amino acids recommended by NRC (1994). Hen-day egg production, egg mass, and FCR were maintained well on the low-protein diet during the first 8 mo of production but tended to be impaired thereafter. In mo 10 and 11 of the laying period, egg mass was significantly (P < 0.05) reduced and FCR was significantly (P < 0.05) impaired on the reduced-CP diet compared with the control diet. Egg weight, eggshell thickness, eggshell breaking strength, and albumen height were not significantly affected by feeding the reduced-CP diet. In conclusion, layer performance can remain satisfactory on reduced-CP diets for short periods, but long-term feeding of reduced-CP diets may not be advisable because it will reduce performance in the late stage of production.
DESCRIPTION OF PROBLEM
Commercial laying hen diets consist of essential amino acids ranging in concentration from 122 to 275% of the requirement [1] . Amino acids in excess of the requirements impair production performance through numerous interactions and result in environmental pollution with nitrogen [1] . The most feasible strategy for coping with this problem is the partial replacement of the intact dietary protein with crystalline amino acids. The potential for reducing dietary protein has become a reality because of the commercial availability of Lys, Met, Thr, and Trp on the market [2] .
Several studies have examined the effects of low-protein diets in laying hen nutrition. In an early work, Keshavarz [3] observed lower BW at 20 wk and decreased performance during the early phase of the egg production cycle when pullets were given low-protein diets during the rearing period. Hsu et al. [4] evaluated the layer response to either a low-protein (14%) or control (17%) diet in a 5-wk experimental period and found similar responses to both diets in terms of egg production and FCR. Blair et al. [5] compared a 13.5% CP diet with a control diet (17% CP) on layer performance. They concluded that layer performance could be maintained well on the low-protein diet when diets were properly supplemented with essential amino acids. At the same time, nitrogen excretion was reduced by 30 to 35%. More recently, Junqueira et al. [6] indicated that the performance of laying hens in the second laying cycle of an 8-wk experiment was comparable between the 16 and 20% CP diets. The studies evaluated the response of laying hens to reduced-CP diets in a short period, but they did not maintain a constant TSAA:Lys ratio among the diets. Because Met and Lys are the most limiting amino acids in corn-soybean meal diets for laying hens, the purpose of the present study was to compare a reduced-CP diet with a control diet at the same TSAA:Lys ratio. The control diet satisfied NRC [7] minimal requirements. The reduced-CP diet was prepared in a manner such that none of the essential amino acids was limiting, except for Met and Lys. In fact, the extent of the reduction in dietary CP was as great as Met and Lys were limiting; consequently, their dietary levels were kept similar to that of the control diet by supplementing these 2 amino acids. The effect of feeding the dietary protein regimens in an entire production cycle was studied.
MATERIALS AND METHODS
Two hundred eight 20-wk-old Hy-line W36 hens [8] were housed in an environmentally controlled cage system. Each cage (45 × 50 cm) accommodated 4 hens, and 2 adjacent cages (cage pair) were considered a treatment replicate. Thirteen cage pairs were randomly assigned to each treatment group. Two dietary treatments varying in protein content were used: 1) a control diet that met NRC [7] recommendations for amino acids and that was fed according to the Hy-Line W36 management guide [8] , and 2) a reduced-CP diet with approximately 1.5% lower CP than the control diet in all feeding phases so that none of the essential amino acids was limiting, except for Met and Lys . Consequently, the reduced-CP diet was supplemented with Met and Lys so that the ratio of TSAA:Lys was kept similar to the ratio in the control diet in each stage. Although the levels of other amino acids were not similar between the control and reduced-CP diets, they were not limiting. A phase feeding program (phase I: 20 wk of age, when the flock was at 5% egg production, until 50% egg production; phase II: 50% egg production to 50 wk of age; phase III: 51 to 62 wk of age; phase IV: 63 to 72 wk of age) was used during the experiment (20 to 72 wk of age). Table 1 presents the composition of the experimental diets during the feeding phases.
All experimental diets and all protein sources were analyzed for CP before the beginning of the experiment [9] . To determine amino acids, duplicate samples of each diet were subjected to 6 N HCl and hydrolyzed for 24 h at 110°C [10] . After acid hydrolysis, all samples were analyzed for amino acid content by using an ion-exchange chromatograph (LKB Biochrom 4141) [11] . Performic acid oxidation was done to determine sulfur amino acids, and Met was measured as methionyl sulfone [12] .
Feed and water were provided freely. Body weights of the hens were determined at the beginning and end of the experiment. The photoperiod was 16L:8D throughout the experiment. Daily records of egg production and feed consumption, and monthly records of egg weight were kept and were summarized as hen-day egg production, egg mass, and FCR on a monthly basis. The parameters relative to egg quality were evaluated before peak, at peak, and every 3 mo postpeak. Two eggs were randomly collected per treatment replicate to determine these parameters. The collected eggs were weighed (±0.01 g), and each egg was then exposed to a pressing force by using an eggshell strength meter. On breaking, the egg contents were poured into a flat plate to measure the albumen height. Eggshell thickness was determined with a micrometer. No attempt was made to separate the shell membrane before measuring the eggshell thickness.
The experimental design consisted of a completely randomized design with repeated measures. A t-test was used to separate the treatment means at each month. The GLM procedure in SAS [13] software was used to analyze the data.
RESULTS AND DISCUSSION
The calculated CP content and amino acid composition of the treatments showed very close agreement with their analyzed values ( Table 1) . Hen-day egg production was lower in the lowprotein group compared with the control group in the last 4 mo of the experimental period ( Figure  1 ). Data analysis showed a significant difference with respect to treatment and period effects, but their interaction was not significant. The reducing trend of egg production in the reduced-CP group may be explained by taking into account the changes in hen BW. Mean BW at the onset of experiment was 1,242 ± 10.3 g and 1,235.6 ± 7.0 g for the control and reduced-CP groups, respectively; the difference was not significant. At the end of the experiment, however, birds that received the reduced-CP diet had significantly (P < 0.05) lower BW than those that received the control diet (1,514.8 ± 5.3 g vs. 1,482 ± 7.0 g). It seems that body protein reserves were gradually depleted in birds on the reduced-CP diet. In fairness to this observation, Koelkebeck et al. [14] compared 16% CP (control) and 10% CP diets fed after induction of molt. They demonstrated that hens on a 16% CP diet gained weight more rapidly than those fed a 10% CP diet. With respect to egg production, the results of this experiment were in agreement with those reported by Novak et al. [15] , who suggested that the effects of the reduced-CP diet were more dramatic during the late stage production (43 to 63 wk of age). Despite the satisfactory results of feeding a reduced-CP diet for short periods [5, 16] , feeding reduced-CP diets for a long period can result in poor egg production.
Egg weight was not influenced by feeding the reduced-CP diet (Table 2 ). In contrast, Leeson and Caston [17] reported that egg weight was lower with diets containing 14.4% protein compared with 16.8% protein, although both diets Figure 1 . Hen-day egg production of treatment groups during the experiment. Each treatment consisted of 13 replicates. The statistical difference between treatments was significant (P < 0.05) in March and April.
had equal levels of Met and Lys. They attributed the lower egg weight to an inadequate level of total N. In their study, the reduced-CP diet had 2.4 percentage units lower CP than the control diet. In the present study, however, the difference between treatments in terms of CP content was 1.5 percentage units. Comparable egg weights between the reduced-CP and the control groups in the present study suggest that the reduced-CP diet was fortified well with essential amino acids and had an adequate level of total N. In a study conducted by Roberts et al. [18] , with a similar percentage unit reduction in CP level, egg weight was not affected by the reduced-CP diet, but hens fed the reduced-CP diet produced fewer eggs and, as a result, had lower egg mass compared with the control diet. This discrepancy with the present findings may be due to a difference in essential amino acid balance between treatments, because Roberts et al. [18] did not maintain similar TSAA:Lys between their treatments. Sohail et al. [19] demonstrated that essential amino acids had a significant influence on egg weight so that removing an indispensable amino acid resulted in reduced egg weight within 2 wk. Data analysis showed a significant (P < 0.05) effect of period on egg weight. This would be expected because the egg size is small in the beginning of the laying period and tends to increase with age. We concluded, based on the results of the present study and a review of the relevant literature, that the response in egg production was more sensitive to the reduced-CP diets than was egg size.
Egg mass was significantly affected by feeding the reduced-CP diet (Table 3 ). There was a remarkable reduction in egg mass as a result of feeding the reduced-CP diet in the last months of the experimental period. Egg mass was determined by 2 components: egg weight and egg production. Because egg weight was not affected by dietary treatment, variability in egg mass was due to differences in egg production. The effect of period on egg mass was greatly significant (P < 0.0001), and this was anticipated because a flock beginning egg production lays smaller eggs with a lower egg production rate. The findings pertaining to egg mass are consistent with the report of Novak et al. [15] .
Feed intake in the treatments showed a very similar trend so that there was no significant difference between the control and reduced-CP groups (P < 0.05). Average daily feed consumption by each bird was 89 and 88.6 g during the first 2 phases of the production cycle for the control and the reduced-CP groups, respectively. During the last 2 phases of the production cycle, each bird in the control and the reduced-CP groups consumed 102 and 101.5 g/d, respectively. Hence, variation in FCR was due mainly to differences in egg mass. Feed conversion ratio was comparable between the control and reduced-CP groups up to 7 mo in production (Table 4) . From then on, however, FCR of the low-protein group was poorer than that of the control so that the difference between treatments was significant (P < 0.05) in mo 10 and 11. The significant differences between the con- trol and low-protein groups with respect to FCR can be related to the lower egg mass in the lowprotein group (Table 3) because feed intake was similar between treatments (not shown because of similarity). Conversely, Wu et al. [20] indicated that hens fed a 16% CP diet consumed less feed compared with those fed diets containing 15.5 or 14.9% CP. Surprisingly, egg mass was similar between these groups. The discrepancy between their findings and the results reported herein can be explained by the long-term effects of reduced-CP diets. The duration of the study of Wu et al. [20] was 12 wk, whereas that of the present experiment was 52 wk. It should be noted that egg mass was maintained well during the first 12 wk in this study. Table 5 shows the results of egg quality traits before peak, during peak, and every 3 mo postpeak. In general, there were no significant differences between the control and low-protein groups with respect to albumen height, shell thickness, and shell strength against breaking. However, differences in eggshell strength appeared to be significant at peak production and, opposite the expectation, eggs from the reduced-CP group had greater strength against breaking than those of the control group (P = 0.014). This observation is difficult to explain. In our previous study, egg quality indices of pullets fed a reduced-CP diet during the growth stages and up to peak production were not different from those of the control group [21] . This is in agreement with the results of Novak et al. [15] , who showed that feeding a low-protein diet to laying hens did not influence shell and internal egg quality measures. The period effect was not sig- 
CONCLUSIONS AND APPLICATIONS
1. Layer performance is satisfactory on reduced-protein diets for short periods. 2. Long-term feeding of reduced-protein diets will drop the performance in the late stage of production, even though no amino acids are limiting and the TSAA:Lys ratio is the same. This may be due to the gradual depletion of body protein reserves in birds on the reduced-CP diet. 3. We recommend that the rotational use of reduced-protein diets during a production cycle be studied. 
